Conjugated polymers are considered a most promising candidate in applications of biosensors and organic electronics due to their mechanical flexibility, processability, chemical versatility, and low cost[@b1][@b2]. Most conjugated polymers are insoluble and infusible, which makes them difficult to be processed through solutions. However, after substitution with flexible side chains (e.g. long alkyl or alkoxy side chains) these polymers can also be processed, e.g. spin-coated or ink-jetted, from solution[@b3][@b4]. Another approach is to use latex particles as carriers of the conjugated polymers. Among others, we also showed this in previous works[@b5][@b6] preparing core-shell particles consisting of a polystyrene core and a thin polypyrrole/polystyrenesulfonate (PPy/PSS) shell. One important question arising for such systems is how to measure the conductivity of individual polymer chains, of individual nano- or microparticles coated by such a polymer, and finally that of thin films made of such particles. Similar measurements are relevant when metallic conducting particles are used instead of polymer semiconducting ones. In fact, gold colloids have been recently used, e.g., to produce semitransparent conductive films[@b7][@b8]. Evaporation driven self assembly on a prestructured polymer or glass surface causes the arrangement of the colloids along well defined straight lines, forming a regular network. The conductivity of such thin films made from conductive metal or latex particles is usually characterized by macroscopic methods, like by the linear four point probe technique[@b9][@b10], by the van der Pauw method[@b11], or by impedance spectroscopy[@b12]. Very few studies have concentrated on the characterization of the conductivity of nano-, or microparticles[@b13][@b14][@b15][@b16]. In most works, particles were connected to two point nanoelectrodes and the current was measured upon applying a DC voltage between the electrodes. The small contact area (from a few nanometers to several micrometers square) between the electrodes and the conductive particles could result in non-negligible contact resistances, which affect considerably the measured conductivities.

In this paper, we introduce a direct method to measure the conductivity of individual particles by a microscopic four-point probe (μ-4PP) method. The four-point probe geometry allows for minimizing contact resistances between electrodes and particles. By using the focused ion beam (FIB) technique, we were able to fabricate nanoleads between four microelectrodes on a silicon chip and an individual particle, and to measure the particle\'s conductivity via a sensitive source meter. The distance *d* between two adjacent microelectrodes was kept equal in order to apply the concept of the macroscopic four-point probe method[@b9][@b10]. Up to sixteen particles can be taken up by each chip, which allows for multiple conductivity measurements by simply multiplexing the electric contacts connected to the source meter ([Figure 1](#f1){ref-type="fig"}). Although, for demonstration, we used full Au (conducting) and Ag-coated latex particles (semiconducting) of a few micrometers in diameter, the method can be applied to other types of conducting or semiconducting particles of different diameters.

Results
=======

Conductivity measurement of Ag core-shell particles
---------------------------------------------------

We first measure the conductivity of Ag core-shell particles using micro four point probe method to prove the ohmic contact. [Figure 1(a)](#f1){ref-type="fig"} shows a representative plot of *V*/*I* for a Ag core-shell particle upon applying different values of *I*. Squares and circles represent the voltage recorded upon respectively ramping up and down the current. Each curve represents a different connection of the electrodes with the voltage meter, as indicated in the inset. The measured values of *V*/*I* are similar (80--200 kΩ) for all three connections. For each connection *V*/*I* is independent on *I*, as shown by the nearly horizontal plots.

Statistic analysis was carried out on conductivity measurement of Ag core-shell particles to further prove the feasibility of the method. [Figure 1(b)](#f1){ref-type="fig"} represents a histogram of *V*/*I* values of 23 particles from two chips. The values of *V*/*I* of most particles lie in the range from 100 kΩ to 10 MΩ. The main reasons for the discrepancy come (i) from the reproducibility of the deposition process of the Pt connections between the Ti-Au microelectrode and the spherical Ag particle; and especially (ii) from inhomogeneities of the Ag shell of different particles. We chose *V*/*I* = 100 kΩ for the calculations. The conductivity σ of a Ag core-shell particle of diameter *d* and shell thickness *t* is calculated by a simplified equation valid for planar surfaces and electrodes arranged in a square geometry (see [Supporting Information](#s1){ref-type="supplementary-material"}). *a* is the distance between the two adjacent microelectrodes. Since we are interested in an estimate of the order of magnitude of the conductivity, Eq. (1) is a good approximation also for a spherical geometry. According to values obtained from SEM images ([Fig. S4a](#s1){ref-type="supplementary-material"}), *t* ≈ 200 nm and *a* ≈ 1200 nm. For *V*/*I* = 100 kΩ, the conductivity results *σ* ≈ 0.055 S/cm.

The content of impurity, i.e. S inside Ag layer of the particles could influence the conductivity of the layer, and thus the entire particle. Hence elemental analysis was carried out on Ag core-shell particles. [Figure 2](#f2){ref-type="fig"} displays the atomic ratio of sulfur to silver (S:Ag) in 10 Ag core-shell particles, as measured by energy dissipation X-ray spectroscopy (EDX). According to the composition of the core-shell particle, the absorption signal of S in the EDX spectra only results from Ag~2~S. The average S:Ag ratio is \~0.3, indicating that almost 50% of Ag was converted into Ag~2~S.

Conductivity measurement of all-Au particles
--------------------------------------------

We directly deposited Pt nanoleads between the Au particle and the four microelectrodes used for the bottom contact as explained in method section ([Figure 3a](#f3){ref-type="fig"}). [Figure 3b](#f3){ref-type="fig"} shows *V*/*I* values of a single Au particle upon applying different currents *I*. Each curve represents the corresponding electrodes combination (as indicated by the numbers) connected to the voltmeter. *V*/*I* ≈ 100 Ω and is nearly constant over the whole range.

Conductivity measurement of FIB deposited Pt electrodes
-------------------------------------------------------

The Pt electrodes deposited by FIB are used to connect particles and microelectrodes, as shown previously. To measure the conductivity of the particles, contact between the Pt connections and the Ti-Au microelectrodes needs to be ohmic. We therefore measure the resistance *R* between two Ti-Au electrodes connected by Pt connections deposited by FIB ([figures 4](#f4){ref-type="fig"} and [S3](#s1){ref-type="supplementary-material"}). For seven tested connections we found *R* ≈ 125 ± 40 Ω. We calculated the resistivity *ρ* of the FIB deposited Pt with , where *A* is the cross-sectional area and *l* is the length of the resistor. We calculated *ρ* ≈ 2.4 × 10^−3^ Ω cm, with *l* = 700 nm and *A* = 700 × 200 = 1.4 × 10^5^ nm^2^, which is 2--3 orders of magnitude higher than that of pure Pt (*ρ* = 1.04 × 10^−5^ Ω cm)[@b18]. This result is in good agreement with literature[@b17] since the deposited Pt electrode contained around 50% carbon. The deposited Pt connections are thus in ohmic contact with the Ti-Au microelectrodes, and this validates the conductivity measurements of individual conductive particles by top contact electrodes.

Discussion
==========

The distribution of the electric field inside the conductive layer of the core-shell particles depends on thickness and conductivity. Therefore, the measured resistance (*R* = *V*/*I*) and the equations for calculating the conductivity are different for core-shell and full-metal particles. We discuss the results on Ag core-shell particles and all-Au particles separately.

The *V*/*I* values of Ag core-shell particles are similar, indicating that also the contact areas are similar. For metals *V*/*I* is constant, according to Ohm\'s law. For polymers (semi-conducting or insulating), on the other hand, *I* is proportional to *V*^2^, as described by the Mott-Gurney equation[@b19]. The constant value of *V*/*I* over the whole measuring range ([Figure 1](#f1){ref-type="fig"}) thus indicates that the current flows in the conductive Ag shell, i.e. through percolation channels formed by the nanoscopic conductive Ag domains.

The calculated conductivity of the Ag core-shell particle (ca. 0.055 S/cm) is much lower than that of pure Ag, i.e. 6.3 × 10^5^ S/cm^20^. There could be several reasons for this. Firstly, the conductive Ag layer is only \~200 nm thick and not homogeneous, while the bulk is made of insulating melamine resin. The current "percolates" between neighboring Ag domains, leading to a lower conductivity of the shell. Secondly, Ag reacts with sulfur compounds in the atmosphere, and thus can form Ag~2~S when stored in air for some time. The conductivity of Ag~2~S is 10^−3^--10^−5^ S/cm[@b21][@b22][@b23], which is much lower than Ag. According to the calculation, almost 50% of Ag was converted into Ag~2~S, we therefore attribute to this process the main reason for the low conductivity of the Ag core-shell particles.

We started conductivity measurements of Au bulk particles using the bottom-contact geometry (see methods section: fabrication of nanocontacts). Upon placing the Au particle inside the pyramidal pit the four electrodes should be connected by the Au particle, and the measured resistance *V*/*I* should decrease. However, similar as with the control measurements with the Ag particles (see [supporting information](#s1){ref-type="supplementary-material"}), *V*/*I* of all tested Au particles were also in the range of TΩ. This is too high for conductive full metal particles. In the bottom contact geometry, the contact area between the particles and the Ti-Au microelectrodes is too small (ideally a point contact) to guarantee a constant measurable current. In addition, the particles did not sit in the very center of the pit ([Figure S5](#s1){ref-type="supplementary-material"}), which results in four different contact areas. Such issues make the "bottom contact" geometry unsuitable for four-point probe measurements, where the four contact areas must be equal. Whereas for top-contact geometry, the four curves ([Figure 3b](#f3){ref-type="fig"}) almost overlap, with few exceptions. Such results prove that the top-contact geometry is suitable for conductivity measurements of individual particles. The diameter of the all-Au particles is between 1.5--3 μm, which is of similar length scale as *d* (\~1.6 μm, [Figure S5b](#s1){ref-type="supplementary-material"}). [Equation (1)](#m1){ref-type="disp-formula"} is thus not applicable to Au particles.

In summary, we have demonstrated a method for measuring hybrid metal, semiconducting core-shell and full-metal conducting particles by a microscopic four-point probe (μ-4PP) method. By using a focused ion beam, we were able to connect individual particles with microelectrodes via Pt nanoleads and to measure the *I*--*V* curves by a high precision source meter. To test the applicability of the method, we used all-Au and Ag-polymer core-shell particles as models. The measured conductivities were comparable to the expected conductivities of the two particles. The deviation of the two values (measured and theoretical) can be attributed to geometrical effects. Although in this study we only showed examples of Au and Ag particles with a diameter of \~2 μm, this method could easily be extended to other particles of different sizes in the micrometer or sub-micrometer range.

Methods
=======

Full metal and hybrid metal/polymer particles
---------------------------------------------

### Hybrid Ag core-shell particles

Ag-coated melamine resin particles (diameter \~2 μm, [figure S1(a)](#s1){ref-type="supplementary-material"}) were purchased from Microparticles GmbH (Berlin, Germany). The thickness of the Ag shell around the particle core was determined according to the cross-section images of the particles measured by scanning electron microscope (SEM, FEI Nova 600 Nanolab, Eindhoven, The Netherlands). The cross-section was generated by focused ion beam milling (FIB, FEI Nova 600 Nanolab). The thickness of the Ag layer was 100--200 nm ([figure S1(b)](#s1){ref-type="supplementary-material"}). This value was used to calculate the conductivity of the Ag core-shell particles.

### Full metal Au particles

The all-Au particles (diameter 1.5--3.0 μm, [figure S1(c)](#s1){ref-type="supplementary-material"}) were purchased from Johnson Matthey GmbH (Karlsruhe, Germany). The actual size of individual Au particle was determined by SEM. Some Au particles were also milled by FIB. The SEM image after the FIB milling confirmed that the particles entirely consisted of Au ([figure S1d](#s1){ref-type="supplementary-material"}).

Design of the electrode arrays
------------------------------

[Figure 5(a)](#f5){ref-type="fig"} is a schematic sketch of silicon chips we used to perform μ-4PP measurements on individual particles. There are 16 pyramidal pits etched on each silicon chip. The dimension of each pit is 3 × 3 μm^2^ and the distance between two neighboring pits is 50 μm ([figure 5(b)](#f5){ref-type="fig"}). This dimension is designed for particles with a diameter of 1--3 μm, but is also scalable for smaller or larger sizes. Each silicon chip is also covered by a layer of 200 nm SiO~2~ for electric insulation. The pre-evaporated microelectrodes (10 nm Ti and 200 nm Au) were deposited by thermal evaporation. Each electrode was electrically bonded to a socket, which is connected to a source meter ([figure 5(c)](#f5){ref-type="fig"}). As the used chip can be detached from the socket, the socket is reusable.

Fabrication of the nano contacts
--------------------------------

Particles were first suspended into water. A drop of the suspension was then deposited on the array ([figure 6(a)](#f6){ref-type="fig"}), and blew off by an air gun gently to remove excess liquid. After evaporation of the liquid, some particles were left behind. Each particle was then moved inside a pyramidal pit by a tipless silicon nitride cantilever (NP-O, Veeco Instrument Inc., Santa Barbara, CA) controlled by a hydraulic micromanipulator (MMO-203, Narishige, Ltd., Tokyo, Japan). All 16 pits were filled with a particle. The surfaces of pyramidal pits are bare, and the four microelectrodes are 3 μm away from the edge of the pyramidal pit ([figure 6(b)](#f6){ref-type="fig"}). To establish a nanocontact between an individual particle and the microelectrodes, Pt nanoelectrodes (with \~50% carbon[@b18]) were deposited by FIB, connecting each particle to the four Ti-Au electrodes ([figure 6(c)](#f6){ref-type="fig"}). The thickness of the Pt electrode was around 200 nm. The dimension of each deposited Pt electrode was 4800 × 400 nm^2^ (length × width) for Ag core-shell particles, and 800 × 400 nm^2^ (length × width) for all-Au particles. The position of each Pt nanoelectrode was carefully controlled by SEM inspection to achieve four similar contact areas between the electrode and the particle of around 400 × 400 nm^2^. As the particle was connected to the electrodes from the top; we called this geometry "top contact". We also designed another geometry for control experiments, where each pyramidal pit was pre-coated with a layer of Ti-Au and connected to the four surrounding microelectrodes ([figure S2](#s1){ref-type="supplementary-material"}). The particles were connected to the microelectrodes at the bottom; we called it "bottom contact" geometry. The detailed fabrication procedure can be found in [supporting information](#s1){ref-type="supplementary-material"}.

Microscopic four-point probe measurement (μ-4PP)
------------------------------------------------

A source meter (Mod. 6430, Keithley Instruments GmbH, Germering, Germany) was used to measure the conductivity of individual particles. The connection between the four probes of the source meter and the microelectrodes was established via a socket, as described previously ([Figure 5c](#f5){ref-type="fig"}). Every two adjacent electrodes were connected to the voltmeter, and the other two to the current source (constant current) of the source meter. For each particle connected by four electrodes there were four different connections to the source meter, corresponding to the van der Pauw electrode geometry[@b11]. For each connection, constant *I* was applied and *V* was measured. *I* was also ramped up and down, and *V* was measured for each of *I* respectively.

EDX measurement on Ag core-shell particles
------------------------------------------

Energy dissipation X-ray analysis (EDX, FEI Nova 600, Nanolab) was performed on Ag core-shell particles to measure the content of sulfur in the conducting Ag shell of the particles. The atomic ratio of sulfur to silver was analyzed from the resulting spectra.

Pt electrodes for contact resistance test
-----------------------------------------

To check the contact resistance between the deposited Pt electrodes and the Ti-Au electrodes, a single Pt wire was deposited by FIB to connect two adjacent Ti-Au electrodes ([figure S3](#s1){ref-type="supplementary-material"}). The dimension of the Pt electrodes was controlled to be 2100 × 700 × 200 nm^3^ (length × width × height). The resistance between the two connected Ti-Au electrodes was then measured with the source meter.
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![(a) *V*/*I* of a Ag core-shell particle upon increasing (full symbols) and decreasing (hollow symbols) *I*; inset: SEM image of the Ag core-shell particle connected with microelectrodes; (b) histogram of *V*/*I* values for 23 particles.](srep01991-f1){#f1}

![Atomic ratio of S:Ag in 10 Ag core-shell particles, as measured by EDX spectroscopy.](srep01991-f2){#f2}

![(a) SEM image of an all-Au particle connected by four Pt electrodes; (b) plot of *V*/*I* measured upon increasing (full symbols) and decreasing *I* (hollow symbols).\
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![Resistance *R* between the Ti-Au electrodes of the array and the Pt electrodes deposited by FIB.](srep01991-f4){#f4}

![Schematics of a silicon chip (a) and the center area of it (b); (c) photo of a wired chip ready for micro four-point-probe (μ-4PP) measurements.](srep01991-f5){#f5}

![(a) Optical microscopy image of electrode arrays (magnification 50×); (b) SEM image of top contact design; (c) SEM image of four electrodes connected to a Ag core-shell particle by Pt electrodes deposited by FIB.](srep01991-f6){#f6}
